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Abstract  —  Beam steering with high front-to-back ratio and 
high directivity on a small platform is presented. Two closely 
spaced antenna pairs with eigenmode port decoupling are used 
as the basic radiating elements. Two orthogonal radiation 
patterns are obtained for each antenna pair. High front-to-back 
ratio and high directivity are achieved by combining the two 
orthogonal radiation patterns. With an infinite groundplane, a 
simulated front-to-back ratio of 21 dB and a directivity of 9.8 dB 
can be achieved. Beam steering, at the expense of a slight 
decrease in directivity, is achieved by placing the two antenna 
pairs 0.5λ apart. The simulated half power beamwidth is 58°. A 
prototype is designed and the 2-D radiation patterns are 
measured. The realized prototype with one-bit phase shifter 
supports three directions of beam steering. The measured half 
power beamwidth is 46°, 48°, and 50° for the three respective 
beam directions. The measured front-to-back ratio in azimuth 
plane is 8.5 dB, 8.0 dB and 7.6 dB, respectively. 
Index Terms — Phased array, beam steering, mutual coupling, 
compact array, phase shifter. 
I. INTRODUCTION 
Miniaturization of antenna arrays for highly directive beam 
forming is in demand for modern wireless communication 
systems.  For a given platform size, the use of more antennas 
inevitably results in decreased antenna spacing. The mutual 
coupling introduced by closely spaced antennas usually 
degrades the array performance in terms of impedance 
mismatch and signal-to-noise-ratio (SNR) [1]. To remove the 
correlation between different ports and provide good power 
transfer, the ports need to be decoupled and matched. There 
are several ways to design the decoupling networks (DNs) 
and matching networks (MNs) for small arrays. They can be 
divided into two categories: those using inherently high 
isolation networks, such as couplers, to realize the 
decoupling [2]-[4] and those using dedicated networks to 
cancel the reflection coefficients of different modal 
impedances [5]-[7]. If the number of elements in an array 
increases or if the spacing between the elements is reduced to 
less than 0.3λ, the overall bandwidth of the array 
significantly decreases for both categories. In both categories, 
orthogonal radiation patterns can be obtained.  
If different eigenmodes are simultaneously excited using 
drive signals with the proper magnitude and phase, beam 
steering of a compact array on a small platform is possible. 
For example, a four-element compact array is presented [8]. 
Four couplers were used to decouple the ports and only three 
of the four eigenmodes were utilized to increase the 
bandwidth. Taking into account the DN, MN and 
groundplane, the overall platform size was λ×λ, while the 
array size was 0.1λ×0.1λ. The reported achievable directivity 
is around 6.9 dB. 
In this paper, a comparable platform size is used, but 
instead of placing the antennas on a circle, the four elements 
are divided into two pairs. The two antennas of each pair are 
closely spaced at 0.1λ, while the two pairs are placed 0.5λ 
apart. The closely spaced antenna pairs are decoupled and 
matched, thus producing orthogonal radiation patterns. 
Highly directive beams with a high front-to-back (F/B) ratio 
are obtained by combining the orthogonal radiation patterns. 
The beam is steered using phase shifters. The measured F/B 
ratios are 8.5 dB, 8.0 dB and 7.6 dB for three phase settings, 
and the half power beam width is 46°, 48°, and 50°, 
respectively. 
II. THEORY DESCRIPTION 
Fig. 1 shows the schematic of the proposed array. The 
four-element array consists of two antenna pairs and each 
pair consists of two closely spaced antennas. The eigenmodes 
(e1= [1,1]T, e2=[1,−1]T) of the two closely spaced antennas 
are decoupled and matched using a decoupling network (DN) 
and a matching network (MN). The spacing between the two 
antennas in each pair is 0.1λ. After decoupling and matching, 
orthogonal radiation patterns are obtained. They are used to 
generate the desired element patterns by using the directive 
phase shifters (DPS in Fig. 1). In this case, the focus is on 
radiation patterns with a high F/B ratio. Finally, beam 
steering is realized using beam-steering phase shifters (BPS 
in Fig. 1). The spacing between the two antenna pairs is 0.5λ 
to improve the directivity. The DN and MN are implemented 
within the space between the two antenna pairs and the 
overall size of the array is 0.1λ×0.5λ without considering the 
ground plane. 
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Fig. 1. Schematic of the proposed four-element array with high front-
to-back ratio and high directivity. 
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Fig. 2. Decoupling network and matching network using 
transmission lines and discrete capacitors. 
 
 
A. Port Decoupling and Matching 
To reduce the correlation between the two closely spaced 
antennas, a DN and a MN are designed for the two 
eigenmodes. The 2-port Z parameters of the antennas are first 
extracted, and then the modal impedances of the two 
eigenmodes can be obtained by calculating the eigenvalues of 
the Z matrix as discussed in [5]. To improve the radiation 
efficiency, transmission line stubs and capacitors are used in 
the DN and MN to avoid the necessity of inductors. The 
modified DN and the single stub MN are shown in Fig. 2. 
When the DN and MN are designed correctly, the ports are 
decoupled and matched. 
B. High front-to-back ratio and directivity beamforming 
After the decoupling and matching, the radiation patterns 
of the two eigenmodes can be obtained as shown in Fig. 3. 
Note that an infinite ground is assumed here for 
demonstration purposes. The two eigenmodes can be 
considered as port excitations with a phase difference of 0° 
(e1) and 180° (e2). They can be combined to generate 
radiation patterns with increased directivity. In [8], it is found 
that the combined directivity is largely determined by the 
power ratio of the eigenmode excitations. In case of two 
antennas, this power ratio can be represented in terms of the 
phase difference βD between the excitation at the two ports: 
 21 2: cot 0.5e e DP P    (1) 
As an example, the case of βD =130° is also plotted in Fig. 3. 
Fig. 4 shows the combined directivity and F/B ratio as a 
function of βD. It is found that the maximum directivity does 
not coincide with the highest F/B ratio. Proper selection of βD  
Fig. 3. Orthogonal radiation patterns (phase difference is 0° and 
180°) and its combination when phase difference is 130°. 
Fig. 4. Directivity and F/B ratio of a closely spaced antenna pair. 
should be made according to the requirement. As a reference, 
the F/B ratio of a steerable microstrip Yagi antenna array is 
around 8-12 dB [9]. 
C. Beam Steering 
The antenna pair with high F/B ratio is then used as the 
basic radiation element in a larger array consisting of two 
antenna pairs spaced 0.5λ apart. The array factor (AF) can be 
used to further increase the directivity and to perform beam 
steering by driving the two pairs with a proper phase shift. 
The array factor of the two antenna pairs placed 0.5λ apart 
can be written as [10] 
 2cos 0.5 sin 0.5 BAF      (2) 
where βB is the beam control phase shift and θ is the azimuth 
angle. Note that due to a difference in geometry, the cos(θ)-
term in [10] is changed to sin(θ) in (2). Since the two pairs 
are placed 0.5λ apart, the mutual coupling is relatively low. 
The two pairs therefore need not be decoupled, as the 
measured isolation between them is larger than 15 dB. The 
relation between the directivity, F/B ratio and the beam 
direction θ0 is depicted in Fig. 5. The aim is to maintain an  
Fig. 5. Directivity and F/B ratio versus different beam directions for 
three values of βD. 
Fig. 6. Beam steering from −20° to +20° when βD=130°. 
 
F/B ratio of at least 10 dB. Three scenarios from Fig. 4 are 
selected for further investigation: case 1 with the largest F/B 
ratio of 19 dB at θ0=0° (βD=115°), case 2 with the required 
F/B ratio of 10 dB (βD=140°), and case 3 with an F/B ratio of 
approximately 12 dB (βD=130°). It is observed that in all 
three cases, a phase steering range of ±20° can be achieved 
while maintaining an F/B ratio of 10 dB. As an example, 
three radiation patterns for case 3 are plotted in Fig. 6. The 
half power beam width (HPBW) is 58°. Note that the beam 
will steer to the opposite direction (180°±20°) when βD is 
negative. 
III. EXPERIMENT 
A prototype was designed and measured to verify the 
concept. Four antennas resonant at 1.5 GHz are divided into 
two pairs on a platform of 20 cm×20 cm (λ×λ). For each pair, 
the spacing is 2 cm (0.1λ) and the spacing between the two 
pairs is 10 cm (0.5λ). The distance between the antennas and 
the edge of the ground plane is at least 0.25λ. Ansoft HFSS 
was used to simulate the radiation patterns. The control board 
contains the DN and the MN for each pair of the closely 
spaced antennas, DPS, BPS, and three power dividers. Four  
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Fig. 7. Photo of the complete four-element array, which includes the 
antenna board, connectors, control board and batteries.
 
 
 
Fig. 8. Fabricated control board with DN, MN, power dividers, DPS 
and BPS.
 
connectors are used to connect the control board and antenna 
board, as shown in Fig. 7. A photograph of the control board 
is shown in Fig. 8. Taconic RF-60 substrate with r=6.15 and 
h=31 mils is used to construct the circuits. Discrete capacitors 
from Murata (GJM15 series) and SPDT switches from Hittite 
(HMC545E) are used for the phase shifters. The power 
dividers provide four separate, equal-phase outputs from a 
single input. The phase of these four signals is adjusted using 
the binary phase shifters. 
The DN and MN were designed and measured first. A TRL 
calibration kit was also designed using the same substrate to 
obtain the impedance matrix of a pair of antennas together 
with the connectors. This Z-matrix is used in the design of the 
DN and the MN. The photograph of the circuit and measured 
results are shown in Fig. 9. It clearly shows that the two 
closely spaced antennas are successfully decoupled and 
matched near 1.49 GHz.  
A directive phase shift of βD=130° is used to shape the 
radiation patterns of each of the antenna pairs. To 
demonstrate the concept, a single bit phase shifter with phase 
shift βB =68° is used for each BPS. Three beam directions are 
achieved by using the single bit phase shifter. When more 
phase shifts are available, more directions of beams can be 
obtained. The return loss of the complete four-element array 
for the three directions is shown in Fig. 10. A return loss of 
10 dB is achieved for all three settings at 1.5 GHz. The 
normalized radiation patterns were measured and are shown 
in Fig. 11. The measured HPBW is 46°, 48°, and 50° for the 
three beams, which compares well with the simulation results.  
Fig. 9. Fabricated DN/MN and the measured |S21| and |S11| before 
and after decoupling and matching.
Fig. 10. Measured return loss for three beam directions.
Fig. 11. Normalized directivity of the measured radiation beams. 
 
 
The F/B ratios are 8.5 dB, 8.0 dB and 7.6 dB, which are 
somewhat lower than predicted. The measured beam 
directions are -19°, 0°, and 18°, respectively. 
IV. CONCLUSIONS 
This paper presents a steerable array with high directivity 
and high F/B ratio on a small platform. A pair of decoupled, 
closely-spaced antennas is used as the basic radiating element 
to obtain the high F/B ratio. Two pairs of antennas, spaced 
0.5λ apart, are used in conjunction with phase shifters to 
obtain beam steering. To reduce the circuit size, no couplers 
are used in the design. The design achieves a simulated F/B 
ratio of 10 dB within a phase steering range of -20° to +20°, 
and a measured F/B ratio of 8.5 dB, 8.0 dB and 7.6 dB for 
three steered beams, respectively.  
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